It is widely thought that the early onset of the asymptotic Casimir energy with unit conformal charge signals bosonic string formation of the confining flux connecting a static quark-antiquark pair in QCD. This is observed on a scale where most of the string eigenmodes do not exist and the few stable modes above the ground state are displaced. Hints for the resolution of this paradox are suggested.
Puzzle in the QCD String Spectrum
A new analysis of the fine structure in the QCD string spectrum was presented at Lattice 2002 [1] . Shortly afterwards, two papers were submitted for publication with focus on complementary aspects of the same problem [1, 2] .
Ref. [1] reported a comprehensive study of the QCD string spectrum as the quarkantiquark separation R was varied in the range 0.2 fm < R < 3.0 fm (Fig. 1) . On the shortest length scale, the excitations were consistent with short distance physics without string imprint in the spectrum. A crossover region below 2 fm was identified with a dramatic rearrangement of the level orderings. On the largest length scale of 3 fm, the spectrum exhibited string-like excitations with asymptotic π/R string gaps split by a fine structure. It is quite remarkable that the torelon spectrum, which is free of end effects, exhibits a similar fine structure, as reported for the first time at this conference [3] .
In a complementary study [2] , the Casimir energy and the related effective conformal charge,
, were isolated where F(R) is the force between the static color sources and D is the space-time dimension of the gauge theory. With unparalleled accuracy, C eff (R) was determined for the gauge group * Talk presented by J. Kuti. SU(3) in three and four dimensions in the range 0.2 fm < R < 1.0 fm below the crossover region of the string spectrum. It was suggested that the rapid change of the effective conformal charge from what is expected in the running Coulomb law to C eff (R) ≈ 1 well below 1 fm is a signal for early bosonic string formation. The results are surprising because the scale R is not large compared with the expected width of the confining flux, and, perhaps more quantitatively, the string imprint in the Casimir energy is observed in the R range where the spectrum exhibits complex nonstring behavior, as shown in Fig. 1 .
After a long series of comprehensive studies, we report here new results in the three dimensional Z(2) gauge model and a simple resonance model for a better understanding of the seemingly paradoxical situation.
String Formation and C eff in Z(2) Model
References to earlier work on the threedimensional Z(2) gauge model can be found in a recent paper on the finite temperature properties of the Z(2) string [4] . The well-known dual transformation of the model to Ising variables facilitates very efficient simulations and analytic studies of the Casimir energy and the string spectrum in the Φ 4 field theory setting. This is illustrated in Figs. 2 and 3 .
We applied the simple def- β=2.5 Short distance degeneracies and crossover in the QCD string spectrum from Ref. [1] where the notation is explained. The symbol LW indicates the R range of C eff (R) in Ref. [2] .
with the string tension σ determined in high precision separate runs from the ground state of long torelons. The simulations in Fig. 2 are compared with the predictions of the NambuGoto (NG) string model and the analytic first term in theh expansion of the equivalent Φ pected that predictions for strings emerging from field theory and their effective bosonic string description at large R will be similar to that of the NG model with corrections which are increasingly important at smaller R. The field theory calculation of C eff includes the classical energy of the string-like soliton being formed and the sum of zero-point energies which are dominated by glueball scattering states in the bulk! The few stable and displaced "stringlike" modes are also contributing. How scattering states might conspire to produce C eff ≈ 1 is further illustrated below in a simple resonance model of massless scalar field theory. Our results are closer to the leading order field theory calculation and deviate substantially from the predictions of the NG string model, particularly at smaller R values. This differs from the tantalizing findings of Ref. [4] where simulations of the finite temperature Z(2) string were presented to be in agreement with the 1-loop NG string model. For further illustration, the first string excitation in Fig. 3 is compared with the NG model and its loop expansion which completely breaks down below 1 fm. The leading order field theory calculation, which does not assume string formation, accounts for the shape of the spectrum quite well.
Simple Resonance Model
Consider a massive scalar field in one space and one time dimension interacting with an external source J(x) according to the La-
The field is confined between two opaque barriers represented by repulsive delta-function potentials 
